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INTRODUCTION
The capabilities of unmanned airborne systems (UAS) have become diverse with the recent development of lightweight remote sensing instruments (Colomina and Molina, 2014) . In this paper, we demonstrate our custom integration of the state-of-theart technologies within an unmanned aerial platform capable of high-resolution and high-accuracy laser scanning, hyperspectral imaging, and photographic imaging. Reducing the size and weight of laser scanner allows for their integration on UAV platforms (Wallace et al., 2014; Yang and Chen, 2015; Mandlburger et al., 2016) . Hyperspectral remote sensing, also known as imaging spectroscopy, is a relatively new technology for UAV platforms that has been used in detection of vegetation species and biomass or precision agriculture (Zarco-Tejada et al., 2013; Bareth et al., 2015; Sima et al., 2016) . Other applications of an UAV based hyperspectral imaging can be inferred from manned systems (Ryan et al., 2014; Black et al., 2016; Shendryk et al., 2016) .
The presented UAS is built on an industrial basis with an empty weight of the helicopter mechanics of about 47kg and a maximum take-off weight MTOW of 77kg. The flight performance of the helicopter is superior to experienced helicopter pilots and landing within submetre accuracy is possible. Due to the classical helicopter configuration, the scanning performance and homogeneity of data collection in continuous forward flight are superior to multirotor aircraft, in particular under changing wind conditions (wind gusts, side wind, etc.). Production of the presented UAS and payload integration was financed within the project of University Science Park TECHNICOM co-funded by the European Union Structural Funds and the Ministry of Education, Science, Research and Sport of the Slovak Republic, the executive authority for the Operational Programme Research and Development.
TECHNOLOGICAL SOLUTION

UAV platform
The technological solution comprises the latest development of a completely autonomous, unmanned helicopter by Aeroscout, the Scout B1-100 UAV helicopter. This helicopter has a 3.2 m rotor diameter powered by an air-cooled 100 ccm gasoline engine with electric starter and provides a payload capacity of up to 30 kg (Fig. 1 ). This payload capacity (at about 500m AMSL) includes 10l of fuel (8kg), the flight control system (2kg), redundant battery power supply (1kg), the data link (1kg) and a customized payload section (18kg). The UAV helicopter is water-resistant and can be operated from -7 °C to +40 °C even under light rain or windy conditions. The on-board flight control system allows automatic "homing" as well as landing and shut-down of the engine in case of data link failure. The flight endurance can achieve up to 90 minutes, depending on the mission profile. The whole system (Fig. 1) is easily taken apart and put together providing flexibility of payload options, which comprises the main advantage of the UAS. The Scout B1-100 UAV platform was used in several studies (Eck and Imbach, 2011; Yang and Chen, 2015) 
Laser scanning payload
The first payload is dedicated for LiDAR data acquisition coupled with visible high resolution imagery. It comprises a VUX-1 laser scanner by RIEGL and a Sony A6000 E-Mount photo camera (Fig. 2) . The laser scanner is capable of up to 550,000 measurements per second and demonstrates the cutting edge LiDAR technology of online waveform processing and multiple-time-around processing which provides echo signal digitization of practically unlimited number of targets echoes.
The Airborne Laser Scanning and Monitoring Integration (ALMI) technology has been developed by Aeroscout GmbH in Switzerland for professional 3-D aerial laser scanning based on an UAV system. It allows continuously monitored, accuracy controlled, vibration-isolated, and time-synchronized 3-D laser scanning from the UAV system. The ALMI technology has been developed, tested, and successfully demonstrated on the Aeroscout Scout B1-100 UAV helicopter with different RIEGL laser scanners already, such as the VQ-480-U or the former version LMS Q160. In addition, the ALMI technology can also be applied on other UAV systems or even manned aircraft. The payload section includes the laser scanner tightly coupled with a high-grade dual-GPS antenna INS/GPS navigation system as well as a GPS reference station. Aeroscout started developing the ALMI technology as a contributor to the EU research project "BACS" at ETH Zürich (2006 Zürich ( -2010 . In the last years, the knowledge was transferred into hardware and software for the industrial requirements of airborne laser scanning. One of the significant advantages of the ALMI technology is to give online feedback already during the flight of the UAV helicopter in respect of data quality, data recording, and time synchronization, as well as network communication conditions (Fig. 3) . Depending on the UAV mission profile (altitude above ground, forward speed, etc.) and the laser settings (measurement rate, accuracy requirements, etc.), the laser point density of a single scan line can easily be adjusted from 4 to 400 pts/m 2 or more.
Figure 3: User interface of the Aeroscout ALMI Technology developed for 3D laser recording with DGPS/IMU network configuration.
Hyperspectral imaging payload
The second payload is dedicated for hyperspectral scanning in the spectral range of 400-1000 nm. It comprises an AISA KESTREL 10 camera by SPECIM which is a push-broom imager with high light throughput with an outstanding spatial resolution of 2048 pixels per line. The payload provides radiometrically and spectrally stable data and high signal-tonoise ratio in variable real world remote sensing conditions. The KESTREL camera is a new generation of low-weight hyperspectral cameras (Tab. 1) intended for UAV's and other platforms of limited payload size (weight and volume) (Fig. 4) .
Spectral range 400 -1 000 nm 
Payload integration
The UAS integrates two kinds of payloads which can be altered. Both payloads integrate a GPS/IMU xNAV550 with dual GPS antenna configuration provided by OXTS for accurate navigation data, i.e. position and attitude measurements of the sensor during the data acquisition flight. The payload integration also includes the vibration decoupling of sensitive electronics from the on-board sources of vibration such as fuel engine, main rotor, or tail rotor rpm. Furthermore, the ground control station is equipped with the GPS reference station, allowing the real-time transmission of DGPS correction data. The integration of the payloads and other electronic devices within the UAS allows for on-board data storage as well as broadband data transmission to the ground control station and data visualization during the flight. The UAS was designed for monitoring various aspects of landscape dynamics in high spectral and spatial resolution, for example, landslides, soil erosion, flooding, or vegetation condition.
MISSION PLANNING AND DATA ACQUISITION
The UAV mission parameters allow forward speed settings from typically 0 up to 15 m/s and flight altitude above ground is limited by the required sensor resolution and the sensor specification (e.g., maximal measurement range of the laser scanner, depending on measurement rate). A high resolution laser point cloud typically results from 50 m flight altitude above ground, a forward speed of 5 m/s which yields a point to point density of about 6 cm. The performance of the UAS was tested in several missions near Lucerne, Switzerland. We present the results of testing the LiDAR payload. The parameters are summarized in The UAV flights with the hyperspectral camera were performed in October 2015 in a rural area close to Lucerne, Switzerland. The performance of the hyperspectral scanning payload solution were based on the mission parameters given in Table 3 .
DATA PROCESSING
Laser data processing
The processing of the laser data was done with the RIEGL software package RiPROCESS. The raw laser data is combined with the position and attitude data collected from the time synchronized onboard IMU/GPS navigation sensor to get the 3D point cloud. Multiple flight lines with overlapping data allow for adjusting the laser data strips to improve the accuracy of their relative registration. The pictures from the photo camera are processed to assign the LiDAR data points with natural colours as RGB values.
Hyperspectral data processing
The hyperspectral raw data were converted to radiance data and geocorrected data using the CaliGeoPRO pre-processing tools by SPECIM. The radiance data were atmospherically corrected using the QUAC tools of the Harris ENVI software. The results were smoothed using a filter width of 4 and a degree of smoothing polynomial of 2 of the THOR Spectral Smoothing tools of ENVI. Regions of interest (ROIs) were extracted from the image to account for the spectral variation in the scene. The Spectral Angle Mapper implementation of ENVI software was used to classify the image using the ROIs. In the georeferencing process, the flight line image was placed on its actual position on the ground. Georectification and georeferencing of the AISA flight line images was performed by using the position and attitude data collected from the time synchronized on-board IMU/GPS navigation sensor. Images produced with CaliGeoPRO were ready for atmospheric correction, if required, and application requirements.
RESULTS
Results of UAV-based 3D laser scanning
The first tests of the LiDAR payload were conducted in April 2015 over two hectares of an airport near Lucerne. The recorded point cloud data represent a part of the runway with adjacent meadow and a hangar covered by grass. A part of the scene is shown in Fig. 5 in the processed orthoimagery. This scene is depicted as a 3D colorized point cloud in Fig. 6 . The results demonstrate high quality of the final point cloud and orthoimagery and are comparable with other similar systems. The positional and vertical accuracy (1 σ) of the post-processed flight line was 0.02 m and 0.025 m, respectively. The orientation accuracy of roll and pitch was 0.05 degrees and 0.11 degrees of yaw.
Results of UAV-based hyperspectral scanning
The hyperspectral payload integration was tested in October 2015. The resulting hyperspectral imagery in Fig. 7 shows the area sensed during a calibration test flight as orthorectified image in natural colours. Figure 8 portrays part of the sensed area in false colours as a combination of two bands from visible and one from near infrared spectrum depicting the differences between vegetation cover. The accuracy of the flight line trajectory was similar as reported for the lidar mission and it is Coupling ALS and HSI technology in airborne remote sensing has a very high potential in understanding landscape processes, but our missions could not have been flown over the same area at that time to demonstrate these benefits. For example, Shendryk et al. (2016) successfully used lidar scanning and hyperspectral sensing within a manned airborne mission for assessing health conditions of eucalyptus forest.
CONCLUSION
This paper introduced our custom integration of laser scanning and hyperspectral imaging payloads on a small UAV platform. It was demonstrated that the system is stable providing high resolution imagery and point clouds with a high geometric accuracy. The potential of coupling both technologies is very promising in applications where high resolution in spatial, spectral, and temporal domain is required and 3D geometric representation of the surface needed. Therefore, the main applicability of the presented UAS is in research of various aspects of landscape dynamics on local scale, such as monitoring landslides, soil or river bank erosion, vegetation growth, phenology, etc. Such applications of the UAS will be addressed in future research.
